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SHUIApL b s  taskd to investigate the origin andcause of an elaotrical fire in the Illain 
switchboards. of the hf/v cohrmbia. Afkr cxamhkg the 6Kp and talking to the crew it has 
been determined to a high degree of engineering confidence that the fire originated on the 
supply side bus of breaker P456. The most likely cause of the fire was a stray bolt that was 
later found on the back of a support angle in the lower fiont of Switchbod section 12. This 
report wilt hcus on how these conclusions were derived and will not go into details of events 
afterthe fire. 

Background: 

On 13 June JHUIAPL was contacted by Mr. Robert Hcpry of NTSB and informed that 
there had been what appeared to be an electrical fire on the MN Columbia. Mr. Don Strawser 
of NAVSEA had suggested that JHWIAPL mi@ be able to assist in dcterdning the origin and 
possiile cause of thc fire. A statement of work was drawn up tasking J€€U/APL to provide a 
report Cancerning the and cause of the fire and a contract was set in place. Mr. H. Bruce 
Land of J€iU/APL d v e d  in Kekhikan, Alaska and met Mr. Tom Roth-RoW of NTSB at the 
Alaska Ship and Drydoclt, Inc. (ASD) fac@ty at 8:OO AM on 16 June. The ship was still under 
tow and did not k v e  from the Auke Bay Terminal until late that evening. The intuvenhg 
time presented a good opportunity to i n M e w  Mr. Roth-Ro@ of NTSB and Mr. Dave Rcichl 
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ofthe Alaska Maxine Highway System concerning their investigations of the incident. Mr. 
Reichl supplied a good selection of annotated photographs for study. 

The MN W d i  is owned and operated by the Alaska Marine Highway System. At 
418 ftct, it is the largest and fastest vessel ofbe Marine Highway fleet and has a capacity of 
625 passengers and 134 vdhicles. It has 91 cabins and caries a crew of over 60 people. The 
press release stated that a minor fire occurred in the main switchboard of the control mom and 
was saftly extinguished, Attachment 1. Propulsion power was lost. The passengers w m  all 
safely evacuated to the MN Taku and the ship was towed to the Auke Bay ftrr)l ttmrinal in 
Juneau. The Ketchikan Daily"% reported that repairs would cost between $500,000 and $1 
miltion and take the rest of the summer. The gross rcvmue for June through September 1998. 
was $7.3 million. 

Mr. Alan Lee, Chief Bngintcr of the ship, related that cleaning and inspection of the 
switchboards was last pdormed m 1995. Maintenance was scheduled to occur in the 
switchboards in 1998, but was sfcihped due to the other morc pressing ne&. Mr. L,ee reported 
that some modifications were performed on the switchboard this past Spring, but he was not 
aware that anyone had opened the switchboards since then. 

The ship was laidup early last November and returned to the water 24 May 2000. In 
February ASD had begun rcworkhg breaker P412. An additional T-200 cable was pulled hxn 
the switchboard to a remote load cater power panel, P2, to allow for additional power in the 
remote panel. When ASD went to attach the cable to the load side of the breakers, they found 
that they were short the tbrec cable lugs needed. Attached to the spare breaker on the opposite 
end ofthe row were a cable and three hgs. The spare cable was removed from the breaker and 
secured with nylon cable ties. The lugs w m  moved to the new cable and attached to breaker 
P412. P412 was upgraded fiom 200 A to 400 k This work did not require changing the 
breaker base. Work m the switchboard ended approximately 17 April. 

The Event: 

e Tuesday, June 6,2000 at approximately 12:07 PM a fire occurred in the main 
electrical switchboards of the M/v Columbia Mr. Lee Chapman, oiler on watch, was sitting 
about 20 feet from the tad of the switchboard where the fire first ocamed, with his back to the 
h. He was talking to the Jr. Engineer, Mr:Tom Wood, who was sitting to his right and was 
facing the switchboard. Suddenly, there was a bright flash fiom Section 12 at the far esd of the 
switchbwd.. This was followed by a low noise dcscnied as a roar. Almost immediately, fire 
came out of Section 10 and flames rolled along the ove&ead. As the room filled with smoke, 
Mr. Chapman and Mr. Woods left through the part door on theside of the room apposite fhm 
the fire. Mr* Chapman reported that nothing unusual happened before the firt. 

Soon aftcr the start of the fire, the number two gencrabr was seen to be hopping wildly. 
Personal recolllcctions of the amount of time that elapsed during high stress events is subjective 
and error prone. Based upon recollections and reenactments, it is believed that the nurnber two 
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generator w& shut down 30-45 ~ecdnds after the initiation ofthe fke. The number one 
generator then began hopping for an~thcr 15-30 seconds before it quitted down on its own. 

stated to flicker. He checked that &e emergency generator was working, and then went below 
to assist. Afttr donning brathing epipmcnt, SCBA, he enterad the control room to attempt to 
oprm the bus-tie breaker to the cmcfgeacy b o d  Using the butt of his flashlight, he opened the 
bus-tie breaker and me other breaker. Upon attempting to open the third breaker, he saw 8 
large b k  arc and decided to exit the control room. 

Mr. Glen Scott, Fbt Assistant Engineer, was in the crew's mess at the time the lights 

The lights were reported by several people to have flickered several times over a perid 
of several minutes immediately aftet the initiation of the fire. This tends to indicate that the 
ABT (automatic bus transfcr switch) was switchhg back and forth between emergency power 
'and main! power. Several COZ extinguishers were discharged into the fire Without completely 
. d q u i s h h g  the fire. At some point, Coast Guard firefighters a&& and continued the fire 
fightins until. all was underwntr6l. After the fire, both generator btcakers were found in the 
trippad position, but it is not known whtn they tripped or what caused them to trip. The field 
notes of Ms. N. McAttc and Mr. T. Roth-Roffj. contain the detailed minutes of the htcrviews 
they conducted of the personnel involved. 

On Scene Observati om: 

Attachment 2 shows an overall view of the switchbod layout. Them are twelve 
sections n- left to right. Sections 3-5 contain the threc main generator breakers. 
Sections 8 8z 10 both contain eight molded case brcalcv and numerous ventilation switches 
and indicators. S d o n s  9 & 11 confaizl only ventilation louvers. In Section 12, them arc 
twelve molded case-breakers annil numerous ventilation switches .d indicators. 

By the h e  the ship arrived at Ketchhq dl of the breakers and h n t  panel covers had 
been removed and placed on the car dcck. Some of the breaker supports in Sections 10 and 12 
had been moved dong with the breakers. There was severe smoke damage throughout the 
compartment. The ceiling and walls were soot black next to Section 12. The walls werc less 
dark as you moved toward the opposite end of the compartment. Attachment 3 shows the 
damagt @ StCtion~ 8-12 left fo right. > 

The overhead light fixtures in front of Sections 10-12 were melted as can be seen in 
Attachment 4. One can see that the entire ceiling is black. An ovwhead mouIltcd monitor was 
p d y  melted and a PC was rendered inoperable due to soot. 

m e  &mators s h o ~ e d  no extcmaf signs ofdamage. me number 1 & 2 gentrator - 

breakers were disassembled and the contacts wereexamined All of the contacts were in good 
shape with no evidence of abnormal operation, Attachment 5. The breaker arc amester chutes 
were clean and showed if0 evidence of abnormal current flow entering or leaving the breaker. 
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The generator brealrers were of Type FPS 50 and made by Federal Pacific. Breaker 1 

Breaker 2 wis Similar. Breaker 1 WBS recultly overhauled and the old e16ct"echmical tdp 
circuitwasreplactd with anewmadel SSD Overcunent Trip Device. The SSD wasmakd as 
f6uom: 

W ~ S  marked serial number WSC293001, Frame 1600, Max 600 V, Cycles 60D Current 1600. 

Time Current C M e  # 12100B0750 

Thumb wheel settings: 
Function Setfing 
InstantantousPichp 4 
Shorthepickup 1 
Short time &lay 3 
LongTimepickup 5 
LongTimedeIay 4 
GmundFaultpichp 7 
GmdFaultdelay 4 

Meaning ActualValue 
lox 16,OOO A 
3x 4,800 A 

0.45 Sec 
1.1x 1,760 A 
10 sec 
0.75 
32 Sec. 

The M N  Columbia is diesel power ship with three main diesel electrical generators and 
one emtrgency generator. Each maingenerator is ratcd at 90OkW. 0.8 power factor, 450 V, 3 
phase, 60 HZ. The three maingenerators all feed into a single lineup bfswitchboarrfs. 
Generatars number one and two were on line at the time of the fire. 

The formula fbr three-phase AC power is as follows: 

Wu? = Volts * Current 41 PF * 4 
Next calcuIate the rated current of the generator. 

= l,443A 9oOkW. 
450V 0.8PF * & 

U6ingthe rated voltage, current, and a power factor of one y o u n  able to cdculate W 
into ti resistive load such as an arc, the gcncratos is rated to produce 1.1 MW ofpower. 

Testing by JHu/ApL has proven that generators typically can supply 7-10 times their 
rated amperage for tcns of seconds without damage. If we consider that two gmcrators were 
on line ad multiply times a minimum reserve amperage capacity of seven, it is calculattd that 
approhte.ly 20,000 amps could surge into the ms within the switchboards. 

~ h t  reverse cwent days  were testtd for the COI three weeks prior to 
Mr. hfh-Roffy perfomred a v i d  inspection of the relays and found no problems. The trip 
indicators were found in the nm-tripped podtion. 

accident. 
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In mitchboards ofthis type thm.~ very he& horizontal b&es h m  the generators' 
breaken that traverse the bottom of all of the sections. Vertical buses nm up the side of 
Sections 8.10, & 12. Horizontal bus bars run behind the supply side of the breakers and hger 
bus cmnccts the breakeT bases to the horizantai bus. .There was no arcing damage to 
switchboard Sections 1-8. Attolcbmcnt 3 shows Section 8 covered throughout with a thick layer 
of soot and metal oxides. Attachment 6 sho$vs that the majority ofthe supply finger bus in the 
top of Section 10 was vaporized. A large hole WBS cut through the steel panel separating the 
bus hxn the ventilation caatrols in tht top of the switchboar& Only small remnants remained 
of the ventilation controls that were mounted in the holes in the top of the panel. Attachment 7 
shows a close up vim of the hole above the top row of breakers. Attachment 8 shows that the 
supply bus connections to all four of the breakers in lower row were melted. While all of the 
load cables &owed txtetnal t h d  damage, the copper conductors within the cables showed 
no disooloration fiom an over current event. 

I 

Attachment 9 rshows that there was no damage to the finger bus on the top row of 
breakers in Section 12 or to the partition between the bus and the ventilation controls 
compartmmt in the tup of Section 12. All of the supply finger bus supplying the middle row of 
breakers was heavily damaged, as canbe seen in Attachment 10. The fhga bus bars 
wmccthg to the second breaker ihxn the left on the bottom fow were severed bchind the 
breaker, Attachment 11. Attachment 12 shows the vertical bus on the left side of Section 12. 
splatter damage can be s e a  011 the side &icing into Section 12, but none was scen on the 
opposite side. Behind that is the vertical bus in Section 10 where both splatter and arc &image 
can be s e a  Each ofthe load cables were hspeztd and showed extrmal heat damage to their 
insulation; however, none of the cables showed discaloration to the copper strands. Pieces of 
nylon cable tics were reporttd by NTSB to have been found in the bottom of the switcbard. 

'Iht photograph in Attacbmtnt 13 is taken looking down at the load si& of the top row 
of breaker bases,hm Section 12. The lefi most breaker (P412) is the one that received the 
additional three conductors. You can clearly see two condum attached to each phase of the 
breaker base. The cable lugs are correctly placed an opposite sides of the short piece of bus. 
All ofthe hardware and conductors arc intact. 

Attachment 14 shows pieces ofbreaker base tulip clips in various statcs of erosion by 
the om: curmt. Clip 1 is a comp>lete clip that was removed h m  an undamaged breaker base. 
Normally thelarge diameter capper circular bar is imbedded in &e mold6lbrCaker base. The 
end of the cl$ inside of the breaker base contains a spring-loaded set of petals that engage the 
breaker COMtctions. ThC short piece of angle bus is bolted into the other end of the clip wherc 
the clip slightly extends thtough the base. Clips 2 & 7 show the angle bus and the bolt head 
partially eaten away bytse arc. Clips 3 & 6 have been eaten down further and yet the bolt can 
still be seen within the clip. In Clips 4 & 5 you can see the internal threads. The head of 8 bolt 
co~ le t c iy  scpatattd by the arc canbe seen beside Clip 6. Measurement of a good bolt show 
that it can only exwd 0.8 inches into the clip when fully engaged. The threaded portian of the 
clip is 1.21 iachcs deep. 

* 
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Attachment 15 is 8 photograph of a bolt found on the support angle just to the left of the 
second breaker fiom the left in the bottom row of Section 12, P442, The -le bracket c8n be 
seen m Altach"t 11. The damage to this bolt is unusual in that the thrtads on the bottom 
side of the tip of the bolt arc melted. The inside diameter of the two washers is melted 
(welded) to the bolt and there is melting damage to the bottom edge of the washer. The bolt 
contahs a lock washer and a flat washer with an oversized outside diameter. This type of bolt 
'and washer combinafion is used only within the switchboard to bolt the short piece of angled' 
bus to the back of breaker and into the tulip clip. 

Attachment 16 is 8 photograph of the far right hand side of Section 12. There was hc+t 
damage to the si& of the switchboard and the finger bus bars were melted loose from the back 
of the breaker. On the left side of the photograph can be scen two cables that were previously 
tied up within the switchboard. These cables had been removed ftom the spare breaker in the 
top right comer of the switchboard so that their lugs could be used to complete the conndon 
of the new cables to breaker P412. The mark on the side panel, beside the tip of the cable, is a 
scratch m the soot and shows no evidence of arcing. None of the str'ands of the three cables 
showdevidcnceofarcing. 

Attachment 17 contains two v iws of the middle TOW of breakers in Section 12. One 
can see that there is damage to all of the tulip clips, but the most damage exists behind P456. 
One can also see that the discoloration area on the bottom of the breakers above extends farther 
up on the breaker above P456 than on the other breaker. 

Ms. Nancy McAtee of NTSB reparted that the deck underneath the switchboards was 
swq2 and vacuumed to collect small pieces of material. Two piccts of wire banding straps, 
approximately six inches long, wem found in the bottom of Section 10. The bands are 0.48 
in&a wide and have small slots similar to a hose clamp. One. piece of band showed evidence 
of arcing on the ends. NTSB reported that after rubbing the soot from the bands, they appeared 
to be bright bare stainIcss steel. A new sample cable strap was supplied by the shipyard for 
examination bnd was found to be Teflon coatled. 'Testing showed the Teflon coating to be quite 
robust and to have an insulation value of greater than 2 million ohms. Durinp; a later 
exarninatiOn of the strap pieces, it was found that the retaining clip was intact and still covered 
with Teflon. This confirms that the strap pieces found were of the same constmction as the 
shipyard sample. 

Origin of the Fire: 

d c t d c d  by the fbd that it is the only location that explains all observed damage, agrees with 
The origin Of the fire was on the supply side finger bus behind breaker P456. This is 

witnessreports ,andco~O~totwtntyyearsOftcst~~  

When an arc is struckinthe finger bus on the back of smallerbteakers, such as 
contained m Section 12, the level of damage will peak at the point of origin. If a piece of mebl 
is vapariztd, it can create plasma that bridges the insulating air gap between two conductors. 
This allows clcctricity to' flow through the plasma and creates an arc. W l e  the arc &ts, it 
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a continues to produce a cloud of conductive ionized gas, or plasma. This gas is comgosed of 
ionized airs vaporized metal, burnt insulator particles and gases, and free ions fhm the metat 
vapor snd insulation vapor. The more sources of ions, the bwcr the rcsiitancc, d the higher 
the power in the arc. 

confining materials. Since the plasma is a hot gas, it will expand more rapidly upward than 
downward As the plasma cloud expands, it bridges additional conductom and additional 
parallel arcs kan be created Magnetic forces will drive an arc away from the s o m e  of current 
more rapidly than the expansion of the cloud. Thtrcforc, if an arc struck first on the Wer bus 
behind P456, location 2 on Attachment 18, the magnetic forces would drive it toward the back 
of the breaker. There, the combustible material would lower the plasma resistance and increase 
the powex of the arc. Tbe cloud would now expand horizontally behind the breaker, howcvcr, 
the magnetic forces would drive the arc to the right and cause the plasma to expand morc 
rapidly in the right direction, locations 5 to 6. Eventually, the arc would reach tho far right and 
side of the spritchboard and begin to damage the side panel beside of the finger bus. The 
ccntroid of heaviest damage would be behind P456. A skewed Gaussian distribution curve 
could be drawn across the damage with the peak at the P456 location. If the arc has struck 
anywhere else in Section 12 and moved to the location bchind P456 there would have been 
d barb 1218ik6 of 0.01O-O.050” in Size on t&e bus marking the direction of passage. No such 

As the plasma is genqatcd, it expands somewhat hemispherically, depending upon 

marksW€TCapparent. 

Some of the molten metal fiom the arc is not vaporized, but just drops. Part of the 
molten metal. from P456 dropped and created an arc on the so- side of P442, location 4. 
While the bus behind P442 was damaged, the plasma cloud had not developed enough to bridge 
to any of the adjacent possiile locations. Thcreforc, the an: at P442 happened late in the chain 
of tvtnts. Ste Attacbmchts 9-1 1. 

There w m  arc splatter marks on the right hand side of the vertical bus on the left side 
of Section 12, Attachcnt 12. These marks were in a line of sight of the arc on the back of 
P456. Additional splatter marks were found on the right hand side of the adjacent vertical bus 
in Section 10, location 8. Arc travel marla were found on the vertical bus in Section 10 
showing that the arc moved up and out onto the finger bus. No arc travel marks wem found on 
the v d c a l  bus jn Section 12. No arc splatter maTts were found on the left-hand Side of the 

. vertical bus in Section 12 and the arc did not travel up the vertical bus in Section 12. 
Thnefore, the arc could not have initiated in Section 10 and traveled to Section 12. 

, In Section 10, vertical supply bus bats come up both sides of the switchboard. The 
resultant magnetic forces retard the travel of the arc on the finger bus. As the ax slows down, 
the heat bewines inon localized and the damage rate goes up. The plasma enveloped the 
source finger bus of both rows of breakers at locations 9 and IO. When the plasma dong the 
upper finger bus touched the top panel at location 11 the panel became an intcrmcdiatc 
conductor for the electricity. A typical current path would be fiom phase A to the .pitchboard 
and back to phase €3 creating two arcs. Each ofthese arcs would continue to consme bus and 
switchboard W e ,  resulting in a large hole in the top panel. This has been confixmcd in many . 
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Mu/APL tests. The arcs is Section 10 would tend to suck some of the power fiom those in 
Section 12 and the Section 10 arcs have a lower impedance path back to the generators. This 
helped to prevent the arcs in Section 12 from growhg large enough to juinp the gap onto the 
top set of finger bus at l d o n  7. There was no hole in the top panel at location 7. 

basic physics and the tcSting at JHU/APE. It also agrees with the two cycwitntsSes who 
reported that the first flash occurred !knn Section 12 and was followed a f m  seconds later by a 
flash fnom Section 10. 

This cxpkmation links all of the observed data in a sequptid order, which agrees with 

Causes Rakd Out: 

Based upon the obswed facts above, the results of over 2000 arcing tcsts conducted, 
and numerous prior electrical fire investigations, we will examine the likelihood of the possible 
causes. 

1. 

2. 

3. . 

The casualty was not in any way related to a short on a load, load cable, or 
quippent failure outside of the switchboard. Ifa cable e x p e r i d  an overload 
condition, the strands ofthe conductor would heat up and change color due to the 
t3ttrmal stress. Each of the load cables in Sections 10 & 12 were cxaminod and none 
contained discolored strands. In addition, the breakers would have tripped befbre the 
cables to the switchboard could be damaged due to a defective load. Thcrcfort, an over 
current event outside of tht switchboard did not cause the arc inside of the switchboatd. 

The Cbief Engineer reported that sometime during or immediately affcr the fire 
he felt the load cables leaving the switchboard on the side of the bdkhead opposite 
fbm the switchboard and found that the new T200 cable was “a lot warmer than the 
others.” The new T200 cable was m parallel to an older T2OQ cable. If there had been a 
fault at the load end of the cables, the current should have been shared equally since 

Isen high mu& to cause a faurt in the tiwitchboard, it shoukl have tripped the breaker 
and pventcd the fa or left discoloration ofthe cable strands inside ogthc 
switchboard. Neither happenad so the new T200 cable was not at fault. 

Another reason against the signiiicancc of the perceived cable temperature 
difference is the cable commctl ‘on. The new cable was unarmored while all of the 
older cables were armored. One could observe that the m o r  inside of the switchhard 
was burnt. It produced a fuzy Look to the d a c e  of the cables. Ablating the armor 
inside of the switchbuard absorbed heat that otherwise would have gone mto hating the 
cable. This would reduce heat reaching the outer compartment where the cable was felt. 
Additionally, a mctal surfbce has a higher thcxmal conductivity than plastic. This will 
make the metal d a c e  cooler to the touch than a plastic s\nfact and wuld acwunt for 
the perceived difference in temperature. 

’ It was postulated that sometype of reverse current between the two gcnffators 
might have caused the f d t  to OCCUT. The reverse current protective relays were tested 
three weeks prior to the kult and were found to be satisktoxy. Upon visual inspection 
they still a p p d  to be in worfring order. Ifa reverse current event had occuITod then 

both ulds of the cables indicated that the com~tiolls were good Ifthe current had 

b 
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the mechanical trip indicator flags should trave been set Since the trip figs were not 
set, the hilt most likely was not related to a revme current event. 

The two generators wcre reported by the ship’s p c ” e l  to have been jumping 
durhg the fire. This led to the supposition that the two generators fighting against tach 
other may have caused a voltage spike that initiated the fhult. The voltage regulation 
circuit should have maintained the voltage close to the specihl450 V value. At the 
closest, the bus bar separation was approximatCy % inches. The insulation value of air 
under the worst case cxcccds 20,000 volts per inck Therefore, the generators would 
need to produce greater than 10,OOO volts to jump the gap and initiate the fault. Short 
voltage spikes appear fiom time to time on the line, and are associated with switching 
loads on and off. No bad switching was occurring to the plant lineup immediately 
before the fault; and it is verydoubtful that the generators produced the nectSSary 
10,000 volts needed to initiste the fault. 

At first examination, some people felt that the mark on the side panel of Section 
12 adjacent to the bare end of the cable was an arcing mark, Attachment 16. The cable 
in question was an unused load cable and not a source of power. A closer exambition 
of the mark revealed that it was a scratch caused by the fdling of the spare cable. 
During the rework of P412 this cable was removed fiom the spare breaker base and 
secured up in the switchboard with nylon cable ties. Cable tie lllIvlcs were found on the 
cable.and pieces of nylon ties were found in &e bottom of the switchboard. The most 
likely scenario is that during the fire, the low temperature nylon tie melted and allowed 
the cable to fall down and scratch the soot previously deposited on the side of the 
switchboard. This had to occur late in the event or the mark would have been covefed 
with soot. Since the &le had no power and it fell down late in the event, it was not the 
initiator of the fault. 

When JHUIAPL examined the switchboards, the deck had been swept clean and 
all small debris reznavcd or deposited into 8 couple of fivegallon buckets. JHU/APL 
relied on the NTSB report for identification and origin of individuat parts of the debris. 
The field report by Ms. N. McAtee states that wiring banding material was found on the 
deck underneath switchboard Section 10. Note that the eyewitness reports state that the 
fire was fvst seen m Section 12 and later in Section 10. It was postulated that the two 
pieces of metal cable tie found with arcing damage could have started the arc as a result 
of their falling down and shorting the bus. 

There were thrco types of cable ties used in the switchboard. The first was a 
common nylon tie. Nu~nerous pieces of nylon ties wcrc found in the buckets and the 
mark where they had been in place could be seen on the damaged cables. The second 
type w8s a smooth bare stainless steel strap that must be tightened with a strapping tool. 
A piece of rubber cushioned the cables from the strrrp. No damage was fbund to this 
type of strap. The third type of tic was a long stainless steel strap with slots in it much 
like the slots on a common hose clamp. One end of the strap has a clip through which 
the opposite end of the strap is threaded after the cables me encoqassed. The clip 
contains a locking paw that dlows the strap to be pulled tight and retains the strap 
tension. One might vim this strap as a larger metal version of the nylon cable tie. 

tough Teflon coating. Tcsts showed that the coating had an insulation value greater 

4. 

5. 

6. 

ASD supplied 8 sample of the standard shipyard strap and it was found to have a 
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7. 

8. 

than two million ohms. The arced pieces of cable strap were first reported to be of bare 
bright steel. Later closer examination of the straps by JHUIAPL revealed that one of 

. the pieces still had the closure clii. The clip was the same type as the shipyard sample 
and was coated with Teflon. "herefore, it is concluded that the burnt strap was 
originally coated with Te5on that was melted during the h. JHU/APL attempted to 
strike an arc by placing a sample of the Teflon coated strap across bare bus bar without 
success. The location where the cable tie pieces were found is not compatible with the 
origin of the fire. The Teflon insulation on the metal tie should protect the tie frorn 
shorting the bus. JHUIAPL testing showed the effkctiveness of the Teflon insuIation in 
insulating the tie &om the bus. Therefore, the metal tie piece must be d e d  out as the 

It was postulated that the fire was related to the rework of breaker P412. During 
the rework, it was ncccssary-to Tcmovc the original cable lugs fhm the load side of the 
breaker and to attach one additional lug to each phase of the breaker. Attachment 13 
show8 that all six cables and lugs on the load side of P412 were found to be intact and 
without damage. All breaker base hardware was present and ~ c c o u ~ f e d  for and thus 
could not have been the cause of the fault. However9 it is not possible to. determine if as 
aresult of the rework some hardware was left loose inside of the switchboard that latcr 
fell down and caused the fire. 

primary w e  of the fire. 

Ifamoldedcasebrealccr such as used in these dtchboard suffers an internal 
it can expel enough plasma to create aphase to phase arc and create this level of 

damage. Note that in Attachment 17 breaker P456 shows no darnage to the top d a c e  
near where the arc began. Each of the damaged breakers was disassemble and 
inspected for internal damage. None of the breaken showed evidence of intend hits, 
thcrefm the f ie  was not caused by abreaker failure. 

Most Likely Causes of the me: 

With the origin of the fire established as the source side finger bus behind breaker P456, 
let's look at the most likely causes. 

Analysis of over meaty-five year6 of major electrical hres on US. Navy submarines 
resulted in the finding that 60-80% of all electrid fires were'caused by a Wty connection. 
Faulty connections arc those where the resistance ofthe connection has increased an8 caused 
localized overheating. This increase in resistance can be caused by poor initial torque in the 
Cormectian, corrosion, and loosening of thc connection. The ship's load switching, whation, 
oxidation, and salt atmosphtre corrosion work together to make the COnneGtion progressively 
worse over time. At ome point the resistance of a joint becanes high enough to cause 
localiztd melting of the bus which leads to locatized arcing. This is a relatively small series, or 
inline, arc that is limited in size by the amount of current that can go through the load. The arc 
generates plasma until t,he plasma cloud expands to bridge the gap between adjacent bus bas, 
which causes a phase-to-phase arc. Once the arc strikes phase to phase its supply of current is 
limited only by the size of the generators. It is at this'time that the major damage is done. This 
type of h l t  requires that the load be active, as was the case with P456. This type of fault is 
most likely to occur in d e r  breaktrs, such as P456, when initially closing the breaker as &e 
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load presentsa large imush of current that pushes the compromised joint beyond its . 
capabilities. Breaker P456 had been steadily onlint at the time of the fault, which makes a 
loose coanection much less likely to be the cause of the fault. While a loose connection c8n not 
be totallyruled out as the-cause, the existence of an unusually damaged bolt, discussed next, 
d e s  another cause much more probable. Ifone accepts a loose connection 8s the initial fault, 
one is left with great difficulty in explaining the existence of the bolt. If one postulatis that 
both a loose connection and the loose bolt caused arcs, then one must accept that two unusual 
events occurred at the same time, which is improbable. 

A loose bolt, Attachment 15, was found on an angle brace just to the I d €  of the top of 
breaker P442, Attachment 11. This was the only loose bolt found in one piece and it had 
unique arcing damage. All other bolts found with arcing damage were either in pieces or still 
installed in their original positions. Attachment 19 shows a scale drawing ofthe finger bus 
with the bolt and washem lying across the bus. Note that if the bolt werc to lie on its side the 
washem would cack over at an angle as shown As current flowed fram one bus to the other 
through the bolt, it would leave arc damage at the points shown When the washer is cocked on 
the bolt the k t  is forced to flow through the sharp corner of the washer inside diameter, ID. 
This concentration of current will produce localized overheating that welds the washer ID to 
the bolt. Witb the light weight of the bolt, the gas pressure fiom the arc generally kicks the bolt 
up and off of the bus. The bolt tcnds to rotate around its heaviest point, the head. Note that the 
observable damage to the bolt in Attachment 15 agrees with the postutationS in Attachment 19. 
The most likely cause of the fault is that &e bolt in question fell down across the finger bus 
behind P456 and initiated an m. The bolt was tossed off of the bus and landed down on the 
angle iron where it was later found and the arc proceeded as explained under the arc origin 
'section ofthis report. This scenario was duplicated in JHUIAPL testing. 

Even ifthe bolt's importance as the arc initiator is ignored; the origin of a loose bolt in a 
switchboard must be dettnnined. This bolt and washer stackup is unique to the bolts us& m 
the comectim 011 the back of the breaker bases and could not have come fiom the switchboard 
frame. One could p o s W e  that the bolt came Idose fi-om one of the breakers in the row above 
P456; however, all of those bolts were found in their proper positions. Another possibility is 
that the bolt tame fhm the back of P456. Refer back to the array of tulip clips &own in 
Attachments 14. It is theoretically possl'ble for vibration of the ship to back the bolt out of 
the tulip clip. However, oacethe torque in the connection has been reduced tb zcro the 
coMcction will drastically overheat and fail. That type of failure should produce the type of 
damage & o m  in Clip 6. There would have been enough heat that the loose bolt could not fall 
out of the clip before a series arc in the connection melted the bolt and bus.* 

Ifthe bolt didn't v i i t c  loose Grom its original position then it must have existed loose 
ih the switchboard. There are several places above the l o d o n  the arc began that a bolt could 
rest. Two angle irons span the width of the switchboard above breaker P456 and the bolt could 
have rested on the angles. There are three rows oftulip clip insulators with horizontal surfaces 
above the finger bus of P456, the two rows of the top row of breakers and tbe top mtffaces of 
breaker base P456. A bolt could have nstod on the top d a c e  of these clips or have been 
wedged between two of the insulators. From any of these positions the ship's vl'bration could 
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b v e  caused the bolt to "w&" off the edge of its ledge and f d  onto the hger bus where it 
started the arc. 

When the bolt was left inside of the switchboard is impossiile to determine. It is 
possible that when ADS performed work on P412 and the spare tErat they moved tulip dip 
mounting bolts for easier access to their work. A bolt could have bmme lost in the 
switchboard and ADS could hare replaced the bolt &om their stock without finding the lost 
bolt. It is not hown how diffidt it would be for ADS to sccm a replacctncnt bolt. Ifthe bolt 
were lost earlier in the switchboard, it could h v e  become wedged between two of the 
insulators. It could have existed in the switchboard for ycars before the ship's w i d o n  caused 
the bolt to come loose and drop. 

The question was brought up that the ship was in calm water at the time of thc Mt. 
One opinion was that any loose bolt should have fallen under rough sea conditions. It is agreed 
that ship's roll will cause loose material to shift its position. Howcvcr, the ship's vl'bration is 
more likely to cause wedged matcrial to creep h m  position. For example, one might expcct 
that the ship experienced some motion during its tow to Juneau and then to Ketchilcan, but the 
bolt remained perched for a week on the angle where it was later found. Therefore, it is 
submitted W the bolt could have been wedged in the switchboard for years or could have 
simply lain loose fas the fcw weeks the ship had been in service. 

1 

. 

Generally when an arc is started by a Ioose comection the faulty connection is 
vaporized. Therefore, one concludes that 0 loose connection was at fault only after ruling out 
all other possible CILIIS~S. Hae we am s m  that the arc damaged bolt caused a fault across two 
bus bars. It is highly unlikely that the bolt came frorn a functional position. It is most likely 
that it was a loose bolt. Themfore, it is most likely that the bolt was the prixnary cause of the 
fire. . 
Generator Breaker Operation: 

Large breakers, such as used to protect the generator, generally contain at least three 
types of trip elements. The current for this breaker had to exceed 16,000 A to trip in less than 
SO milliseconds. Ifthe current acceded 4,800 A for 0.45 seconds. the breaker should trip. The 
long-term picbp is the value below which the breaker will operate fatever. These breakem 
had to exceed 1760 A for 10 secoILds to for them to trip. Ifthe breaker acceded reached 4,000 
A for 9 scum& and then rtturned below S,760 A, then it would not trip. The current could 
oscillate between 4,000 A and I$OO A and as long as the duty cycle was no more than 9 
seconds at the higher value the breaker would not trip. Oscillations of just under 16,000 A 
could be permitted by the breaker BS lbng as the maxi" duration of &e spike did not exceed 
0.45 seconds. The wild rocking of the generators is confirmation that wild fIuctuations h 
curreat existed. This has been duplicated in JHu/ApL test using GE brand generators. 

The breakerr wtre originally manufkctmd by Federal Pacific, not related to the Federal 
Pacific 1 ~ ~ a t . d  in Bristol, VA. ReSgnce E l d c  owned Federal Pacific fat bur years a long 
time ago and no one them knows anything about the breaker in question. Challenger Electrical 
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Equipment next ownd the breaker lint. The molded case breaker products were rctairrcd by 
the part of challenger who was absorbed by Cutler-Hammer, Eaton. They have no knowledge 
ofthe air circuit breakers like used on the MN Columbia Many other companies have 
repaired and serviced the product oyer the years. The only company located that is presently 
associated with this breaker is Elenco (telephone 516-519-8102). They repair Fedcraf Pacific 
breakers, but have no design informatioa 

The back of the breakers stated that time cment curve tc12OOBO750 was the ~ l i c a b l e  
curve. The tech manual contained c w e  #1200-B-0785. While this is not the exact set of 
cunes it is filt that it is close enough for this am&sis. BSWXI upon the available data, 
Attacbmcnt 20 contains our best estimate as to the trip c w e  of the breaker. Only time c\orrent 
values to the right of the curve wiU cause the brcakerbto trip. That leaves a wide range of 
values to the left where large arcs can wcist without tripping the breaker and as well as short 
transients to the right. 

* As the plasma s p d  through out the switchboard arcs were constantly StnJring in new 

. dcmonstrattd at the tests "ISB witnessed at JHUIAPL The striking, cessation, and rcstddng 
of arcs causes wide variations in the total current flow into the switchboard. The combination 
of the reserved capacity of the generator and the inverse time delay bip cucvc of the breakers 
can pcrmit tlie arcing event to exist for an extended time. Breakers can not distinguish the 
inoush surge in current drom a motor from the surge in an arc. In these power levels there is no 
breaker that can uniqucly distinguish an arc fiom "al events and stop the flow of current. 

locations on the bus bars. Sometimes multiple arcs existed at the same h e .  This was 1 

Testing at JHU/APL: 

To a" the damage pattern to the bus and the bolt, two tests were conducted at 
JHU/AF%. Ip tach test, two pieces of bus were bent upward at ninety degrees similar to the 
back of the tulip clips. A bolt and washer, similar to the loose one found in the switchboard, 
were p W  across the bus. A DC voltage of approXimately 225 V at approximately 1,700 
amps was supplied to the bus. This represent 1/30-1/40 of the peak power available on the 
MN Columbia. In each case the bolt was kicked up and toward the heavy end of the bolt. The 
arc moved quickly to the short vertical portion of the bus where its motion stopped, Attachment 
21. cansidcrable damage was done to the bus during the one-smnd test. In each case the 
washers were lightly welded at an angle in the position postulated in Attachment 19. Ifthc 
powcr had been higher the weld would have been stronger. Note that in each case debris and 
gas from the bolt created arc caused a second arc to strike on the vertical bus a foot away fiom 
the first arc. At no time did the arc back track on the finger bus. 

the bus. As expected no arc occurred. Thetest was repeated two more times Using a piece of 
bare stabdtss steel hose damp sitnilar to the cable tie. In each of these two tests the arc struck 
and did similar e g e  to the bus as in the bolt tests. In each case the strap was damaged, but 
thrown clear of the arc initiation point, Attachment 22. A total offourteen p q l e  from NTSB, 

A similar test was conducted with a piece of unused Teflon insulated cable tic m o s s  

_-. . -- . . . . . . 
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USCG, ATF, AMH, and ASD spent a day at JHU/ML to witness these tests and to discuss the 
results. 

It was suggested that the test be conducted by actually dropping the bolt onto the bus. 
First, this would require the design and fabrication of a dcSice to accurately drop the bolt onto 
the bus. The power levels are too high to perform this test nmzdly. Second, we cm*t allow 
the test time to run open ended without incUrriag considerable expense to repair &e damage 
and greatly increasing our safety hazard. Therefore the duration of each tcst is tightly 
controlledto be no longer than one second. Design of the bolt drop mechanism would have to 
include the capability to link into OUT arc control system. This test could be conducted, but is 
beyond the scope of this contract. Electrically the test should be the same whether the bolt is 
dropped or placed on the bus. 

Mfssing Data: 

The maintenance logs for the switchboard were reported to be on the ship’s computers 
and copies were not available at the t h e  of the hvestigation. It is reported that only h&$ level 
i n f o d o n  an switchboard maintenance w8s kept in the log; thercforc, it is not lilrely to shed 
any usefid new information. It would be very usel l  to know if any breaker bast was mer 
replaced, but we wcre told that that M o d o n  is unlikely to be in the log. 

We were told that a printout existed from centrid alarm system. Since the loss of power 
to some s y s t b  would show up in the printout, examination of this printout might help to 
confirm the sequence of cvcnts after the initid electrical failure. The personnel on site at the 
time of the fire reported no alarms before the fire, so the dann printout would not help 
detcrminC the cause ofthe fire. It could only possibly confirm the propagation and duration of 
the fire. 

We were unable to obtain access to an actual timscurrCnt m e  for the generator 

, 

breakers. ‘I%$ estimates of avaii le currcnt arc based upon typical CUNCS and the bxcakcr 
labels. It is believed that actual curves would only change the values by 1045% and havt no 
real affect on the o d  analysis. 

A vessel condition swcy was performad several years ago. Mr. D. Rei& of AMHS 
rcportod that it shed no usel l  idormation on the condition of the switchboards. The only 
piece of missing idormation that might be usefid would be to interview all personnel 
associated with the recent rework of P412. Someone might shed some infomuition as to the 
possr’ble source of the loose bok. Due to the inherent fault tinding associated with this 
information, it is doubtfbl ifthe source of the bolt will be found. 

Concerns: 

As a result of this investigation s e v d  concerns come to fight. It was reported that the 
. most recent Switchboard inspection occurred in 1995. The switchboard manual states that 

‘‘Sswitchboards should be cleaned and inspected “ally.” Annual cleaning and insptctions 
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am required Qf all Navy switchboards. NTSB should look for a way to make the aMlilzif 
maintenance occur. Ways to inctease training in the awareness of the safety hazards of the 
switchboard should be considered. 

, 
As a result of inspecting ship’s loads for posslile contribution to the fault, panel P2 was 

- fpnd to be in need of rework. Two breakers had loose wire strands sticking out of the 
connectim on the side ofthe breakers. Onebreaker had B corrodtdcomectioa Another 
breafctr had insulation inside of the connection that reduced the amount of copper wire in 
contact with the breaker terminal. 

The ABT was reported to shift s e v d  times during the event. Mickcring ofthe lighting 
confirmed the ABT transitions. The ABT was set for a 1% diffaence, which helped cause, the 
circuit to shifi back and forth as the main voltage fluctuated with varying arc load. Rapid 
chattering of the ABT may have damaged the contacts and they should be itnspeCtea. 

Conclnsfons : 

The ge&mtor breakers optratedperthcir specification. Any adjustments to their 
settings would result innuisance trips. Any new design fbr these switchboards would result in 
similar breakers and settingS. hera tor  breakers will not p t e c t  switchboard against cltCtrical 
tires. Testing by JHu/ApL and twenty five years of recordtd Navy history 00afiRll tha! the arc 
is not a bolted ihdt and will not trip t$e instantaneous trip coils of the larger breakers. 
Break= are effective against low impedance bolted fkults, but offbr no protection against high 

. 

imp&= arcing faults. 

There is no evidence that any errors by the ship’s crew caused the fire to OCCUT. The 
damage to thebus and switchboard enclosures occurred within less than aminute. Carbon 
Dioxide fim extinguishers will not stop an electrical fire. One must first remove the sourct of 
electricity as the ship did by cutting one generator. Since they have a single plant heup, they 
should have cut the second generator at the same time. This may have reduced the level of 
damage, but it would not have changed the level of component replacement needed. Once 
power is mbved m e  can fight the burning cabres, breakers, and insulation with the 
artinguishers. 

The basic cause of tbc fhdt was the existence of a loose bolt. Once that shorted the bus 
the damage proceeded in a fashion predictable fiom nummus JHU/APL tcsts and previous 
Navy Switchboard fires. A loose bolt should never have existed inside of the switchboard. 
This bolt should have been f d  during the close out inspection of the switchboard aftcr the 
work was completed in April 2000. Safety awareness by the shipyard and the ship needs to be 
reinforced. They should mays treat work in the switchboatds carefi~lly. Before the 
s w i t c w  are closed all paaS and tools should be acmuntcd for. The Navy goes so far as to 
r e q h  that a secopd person perform a close out inspection after the inspection by the workers. 

Navy has initiated the we of Glyptal on all bare bus. This reduces the Iikelihood of the 
initiation of m arc due to a fallen object, but it will increase the damage if an arc should occur. 
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It helps to lock thrcadad Eastengs. NSTB might consider requiring Glyptal coating of bus bars 
and cctrmwtions. 

As &own by tzlis fire and numerous fires on Navy ships, manual intervention will not 
prevent or even minimize the damage should 811 electrical fire OCCUT. carem close out 
inspections, annual cltanings and inspections, and bermal imaging can reduce the fkquency of 
occurrence of this type of electrical firc. However, the Navy has learned over twenty five years 
of investigation that these alone wil l  not prevent the occurrence of arcs. Only an active arc 
Wt detection and prevention system can “izc the damage and it can fiequcnty prevent 
the &rnagc from ommhg. Until recently AFD/CTM systems have been designed narrowly 
for the Navy applications. Now components and systems exist that are suitable for cammcrcial 
marine and land based application. 

Navy Electrical Fire Background Information: 

JHU/APL began workhg fot the Navy in 1979 to determine if it were possible to detcct 
an electrical fire in time to limit the damage to a manageable level. Navy data show that 
significant acing casualties have been reported in submarine on an average of 2.6 times per 
year shce 1975. JHUIAPL mvestigatcd many ways of detecting arcs to detemhe which ones 
would best detect arcs, while ignoring the normal shipboard background m-cnt. Light 
was investigated at wavtltngths from IRto W. Pressure, temperature, noise, radiated 
emissions, conducted emissions, voltage wavefm changes, current waveform changes, and 
magnetic fields were hvdgated as indicatclrs of arcing activity. An Arc Fault Detector, AFD, 
System was designed based upon the combined signals h m  narrow band W emissions and . 
pressure. Fleet installations began in 1990. Navy procured these systems by competitive 
biding and all SSN 688, SSBN 726, SSN 21, Virginia Class and the SSN 683 have been 
outfitttd with Am) Systans. Over 80 submarines have been outfitted with 4-12 AFD Systcms 
on each ship. The Navy presently has over 500 ship years of AFD Systcm operation without 8 
W e  alarm. The systems have prevented major damage on ships nine times since 1993. The 
reliability of this system is so high and the hct ion it perhms is so vital, the Navy allows this 
system to pull the power h r n  any swit&bod on the submarine that experiences an arc. 

The Navy recognized they had a worse problem with electrical fires in the nuclear 
aircraft de, where h s h  air is used to cool the machinery spaces containing the 
switchboards, than on the submarines. The Navy created a c o d t t c e  of over twenty playas to 
investigate causes and fixes fbr the pblclrr. Many years of invcstigationS produced several 
changes to the switchboards, but no cessation of the fircs. In 1999, the Navy had a major 
electrical fire in what was considered to be the perfect switchboard. All of the design 
imprommts that had beea postdated to be effective had been incorporated into this 
switchboard, This lea& to the conclusion that it may not be possible to design a switchboard 
that is impervious to an arcing fault. 

In 1996 JHu/ApL was ask& to design a new lower cost AFD System which would 
make extensive use of Commcrcial-Off-the-SheK COTS, components and subassmbk. At 
about the same h e  JHWAPL was taslced to determine if there was a way to detect arcs before 
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they happen. Analysis of the Navy casualty &?a determined that 6040% of all arcs begin due 
to a faulty connection. The faulty connection creates heat. JHW/APL has designed B Thermal 
Ionization Detector, "ID, which c8n detect the outgassing of overheated insulation bcfbre it 
fails into an arc. The TID allows Continuous Thermal Monitoring, CTM, of switchboards for 
Wty connections. This became the AFD/CTM System that was deployed onto the new 
Virginia Class Submarines d for the carrier system. The design for the h e r  AFD/CTM 
System has been completed and approved. As the result of the fire in the perfect switchboard, 
the Navy is beginning production and deployment of the carrier AFD/CTM System. 

ABB, a foreign switchboacd company, is the only other known source of equipment to 
protect switchboard againSt arcing failures. Their present system uses an optical fiber to detect 
light h m  m arc and pull the upstream breakers. While the ABB Arc Guanf System has been 
available in Sweden for about 15 years, like most safcfy systems, it has not been widely 
scceptad. France, Indonesia, and Sweden are the largest users. The system has just recently 
been marketed in the U.S. and only two systems are reported to be in service. The latest class 
of super cruise liners uses all ABB switchboards and makes extensive use of the ABB Arc 
Guard System. To the cruise liner industry down time is measured in millions of dollars of lost 
opportunity. While safety is important, they are also concerned with avoiding the cost and 
down time of repairs and they have recognized that some form of an: fkult protection enhances 
ship availability. 

There are some major differences between the approaches of ABB and JHU/APL. The 
ABB systems see the light and pull the breaker. There is no false trip protection against 
slightly off-normal flashes firom air circuit breakers. The JHUIAPL systems are proven to 
ignore slightly o f f - n o d  breaker flashes, but pick up bad breakers. The JHu/ApL systems dl 
incorporatt a Built-in-Test, BIT, which assures the system is on h e  and fully functional. The 
ABB system does not have built-in-test functhms. The JEIu/ApL system can be wired to a 
centrally located control Unit for easy monitoring. ABB uses a multitude of smalier local 
control chassis. The JHU/APL system is designed for a systems approach to the electrical 
plant, which allows a zoned approach to load shedding. The ABB system protection is geared 
more at the local level. Only the JHU/APL system incorporates a method of continuous 
monitoring the switchbods for hot epots and thus preventing arcs. Only the JHU/APL system 
has received approval for comeztion to nuclear related switchboards. Both systems can be 
used in existing switchbods or installed in new switchboards in the factory. 

Since there ate diffetences in capabilities, it is difficult to compare prices between the 
two systems.' The ABB system is h current production for use in commercial installations. 
The newex c8nier AFD/CTM System is not yet in production, so it's price can only be 
estimated. It is our best estimate that, in its present form, the cost of the JHU/APL system will 
be a bit higher in small ifistallations and lower in larger installati~n~. W e  the Mu/ApL 
AFD/cTM system was designed €or the Navy, it could be used Without modi#ications in 
commercial rnarine and land based installations. However, the system could be modified f'or 
the less severe commercial envimnrnent with resultant cost savings. 
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The switchbodmand&dures for land based systems rewgnizc arc faults as a major 
problem, 'ipleir solution is to sell specially reidorccd switchboards that have pressure relief 
panels to help them GuNivc the explosion. They also make use of switchboard. 
compartmentalization similar to Navy switchbaaids. This helps to isolate the damage to a 
smaller area. These products are marketed as "arc resistant" switchboards. These techniques 
can not be backfit and arc of no use h protecting existing Switchboards. 

Navy requires that all switchboards be cleaned and inspected once a year. They 
perform thermal imaging of all switchboards evuy two years. Thermal imaging always h d s  
problem arcas that must be fixed. 

There arc problems with t h d  imaging. The cost and availability of trained 
manpower has limited the Navy to performing imaging only every two years. lmaging must be 
done when all loads are active, the SJvitChboard covm are off, and the switchboards are at 
operating temperature. This is hard to accomplish dockside. The need for the operatot to use 

. imaging quipmmt within 12-18" of bare tncrgizcd equipment at sea presents safety issues. 
Only about 50% of the COntltCtioIlS are in the direct b e  of sight needed for imaging. There 
have been several cases Where eltctrical fires occurred d y  a few days aAGr the switchboard 
passed th"d imaging. 'Ihis indicated that thermal imaging can identi@ some, but not all, 
precursors to an king went due to the limitations inhcreat to thc technology. ~n spite of 
this, t h d  imaging is ailp vcry worth while. 

of 

Over the past twenty-one years that JHU/APL has supporttd the Navy in the 
investigation of arcs, over 1300 memos detailing testing, testing results, and AFD/CTM 
systems designs have becn generated. JHU/APL has conducted over 2000 arc tests a0 "ts 
'horn a few hundred amps to over 30,000 amps. Tests have becrp conducted with both AC and 
DC voltages from 100 V to 4160V. Navy has witnessed many of the tests. Many arc tests 
were photographed at 4000 hmes  per second and tha studied one fiamt at a time. These tcsts 
give us a unique ptrsptCtive on the creation and propagation of arcs in switchboards. Over 
1 SO0 engineering drawings have been genuatcd docunnepting the many in;lplanmtations of 
AFD/CTM ttchnology. All oftht JHu/ApL designs have been reviewed and approved by the 
Navy clcctrical and nuclear deparfmcnt. We have investigated and documented over two dozen 
major electrical k s .  While none of this data is classified, some of it is sensitive and can not 
be relcastd to non-government personnel without Navy approval. 

smcerely, 

€4. Bruce Land, m 
JHUIAPL 
Arc Fault Detector 
Program Manager 
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Attachment 2 
Overall View of Switchboard 

6 7 0 9 40 
Section Number 

Attachment 3 



Attachment 4 

Attachment 5 



Attachment 6 



v 

Attachment 7 

Attachment 8 





Attachment 10 

Attachment 11 

. 



. .  .- ’..* U 



Attachment 14 

. 



.. . . . . 


